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Background: Pion production is a significant component of the signal in accelerator-based neutrino experiments.
Over the last years, the MiniBooNE, T2K and MINERvA collaborations have reported a substantial amount
of data on (anti)neutrino-induced pion production on the nucleus. However, a comprehensive and consistent
description of the whole data set is still missing.
Purpose: We aim at improving the current understanding of neutrino-induced pion production on the nucleus.
To this end, the comparison of experimental data with theoretical predictions, preferably based on microscopic
models, is essential to disentangle the different reaction mechanisms involved in the process.
Method: To describe single-pion production (SPP) we use a hybrid model that combines a low- and a high-
energy approach. The low-energy model (LEM) contains resonances and background terms. At high invariant
masses, a high-energy model based on a Regge approach is employed. The model is implemented in the nucleus
using the relativistic plane wave impulse approximation (RPWIA).
Results: We present a comparison of the hybrid-RPWIA and LEM with the recent neutrino-induced charged
current 1pi+ production cross section on water reported by T2K. In order to judge the impact of final-state
interactions (FSI) we confront our results with those of the NuWro Monte Carlo generator.
Conclusions: The hybrid-RPWIA model and NuWro compare favorably to the data, albeit that FSI are not
included in the former. The need of a high-energy model at T2K kinematics is made clear. These results
complement our previous work [Phys. Rev. D 97, 013004 (2018)] where we compared the models to the MINERvA
and MiniBooNE 1pi+ data. The hybrid-RPWIA model tends to overpredict both the T2K and MINERvA data in
kinematic regions where the largest suppression due to FSI is expected, and agrees remarkably well with the data
in other kinematic regions. On the contrary, the MiniBooNE data is underpredicted over the whole kinematic
range.
PACS numbers: 25.30.Pt, 12.15.-y, 13.15.+g, 13.60.Le
I. INTRODUCTION
Neutrino energies from beams in accelerator-based ex-
periments, such as MiniBooNE [1, 2], T2K [3, 4], MIN-
ERvA [5, 6] and NOvA [7], are spread over a broad range
with contributions from increasingly more energetic neu-
trinos (as is the case in e.g. DUNE [8]). As the energy of
the incoming neutrino in an interaction is not precisely
known, all measurements are averaged over the incoming
neutrino flux. This means that the interaction of the neu-
trino with nuclear targets should be known and reliably
described over a large energy range in order to be able to
extract neutrino mixing parameters [9]. Single pion pro-
duction (SPP) provides a significant contribution to the
signal in current and future oscillation experiments. In
addition to this, neutrino-induced pion production is im-
portant in unraveling the axial structure of the nucleon.
In this paper we compare the predictions of the hybrid
relativistic plane wave impulse approximation (hybrid-
RPWIA) model for SPP with the charged-current single
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charged pion (CC1pi+) cross section on water reported
by the T2K experiment [4]. The T2K νµ-flux has a peak
for neutrino energies of approximately 600 MeV. The
CC1pi+ signal in this energy region mostly consists of
elementary single-pion production through the decay of
the delta resonance. The delta region is the main focus
of most models describing SPP [10–22]. Most models
that aim at describing the low energy resonance region
tend to exhibit problematic behavior when they are ex-
tended to large values of invariant mass (W & 1.4 GeV)
because only first-order diagrams are taken into account
[23]. As an exception we mention the coupled channel
model of Nakamura et al. [21], which can be extended
to larger values of invariant mass (W . 2 GeV) through
unitarization of the amplitudes.
The hybrid model for SPP on the nucleon is described
in Ref. [23]. The aim is to describe the elementary reac-
tion over a large range of the invariant mass. The formal-
ism is based on the combination of the first order back-
ground diagrams obtained from the Chiral Perturbation
Theory (ChPT) Lagrangian density for the piN -system
[24], with the contributions of the delta and more mas-
sive isospin-1/2 resonances [P11(1440), S11(1535), and
D13(1520)] [12, 22, 25]. For the resonances, the s- and
u-channel diagrams are included. The resonant ampli-
tudes are regularized by a Gaussian-dipole form factor
2[26, 27] in order to retain the correct amplitude when
s(u) ≈M2
res
, meanwhile eliminating the unphysical con-
tributions far away from the resonance peak. For high
values of the invariant mass, the non-resonant ampli-
tudes present pathologies due to the fact that only the
lowest order diagrams are considered [23]. Taking into
account higher order diagrams quickly becomes unfeasi-
ble. Alternatively, the high-energy region can be read-
ily described by a Regge approach, which provides the
correct s-dependence of the amplitude at high W . Our
approach is based on the procedure for “reggeizing” the
non-resonant background as proposed in Refs. [28, 29] for
the vector current contributions, which was extended to
the axial current in Ref. [23]. The low- and high-energy
models for the non-resonant contributions are combined
by a smooth W -dependent transition.
The hybrid model is embedded in the nucleus using the
relativistic plane wave impulse approximation (RPWIA).
The hybrid-RPWIA model is described in Ref. [30], and
was compared to pion production data presented by
MINERvA [5, 6] and MiniBooNE [1, 2]. The impulse ap-
proximation (IA) is adopted in the sense that we treat the
hadronic current as the incoherent sum of single nucleon
interactions. The bound nucleons are modeled by rela-
tivistic mean field (RMF) [31, 32] wavefunctions occupy-
ing discrete shells with well-defined angular momentum
and binding energy. The hadronic current in the RPWIA
is then obtained by describing the final-state pion and
nucleon by plane waves with well-defined momentum.
The hybrid-RPWIA model is fully relativistic in both
the operators and the wavefunctions. However it does
not contain any final state interactions (FSI). The elas-
tic distortion of the outgoing nucleon and pion is ig-
nored as they are described by plane waves. This can be
treated consistently in our relativistic quantum mechan-
ical framework by distortion of the outgoing wavefunc-
tions, which will be the next step in this project. Inelastic
FSI, which should be taken into account to fully describe
pi+ production on the nucleus include pion-absorption,
charge-exchange reactions, and secondary pion produc-
tion. These processes are usually treated in Monte Carlo
generators using intra-nuclear cascade models [33–35], or
kinetic transport theory [36], to propagate the particles
originating from an elementary vertex through the nu-
cleus. As mentioned, the use of reliable microscopic mod-
els is essential to gauge the understanding of the funda-
mental process. In this work, the effect of FSI is judged
by comparing the results to the predictions of the NuWro
Monte Carlo event generator, with and without FSI [35].
The structure of this paper is as follows. In Sec. II, we
compare the results of the model to experimental data.
In the first subsection IIA the effects of higher mass reso-
nances, and the differences between the LEM and hybrid-
RPWIA model are explored. In subsection II B we com-
pare our results with those of the NuWro generator. The
conclusions are presented in Sec. III.
II. RESULTS
The data was obtained with the ND280 detector in the
T2K experiment. The phase space is restricted to Pµ >
200 MeV, Ppi > 200 MeV, cos θpi > 0.3, and cos θµ > 0.3
[4]. The signal is defined as a single pi+ and muon in the
final state with no other mesons. We compute the cross
section on the water target by adding the contributions
of two free protons, and the nucleons in 16O described
within the RMF model.
A. The hybrid-RPWIA model
The hybrid-RPWIA model is confronted with the T2K
CC1pi+ data in Fig. 1. Most information on the under-
lying pion-production mechanism is obtained from the
Ppi distribution, Fig. 1(a). The low momentum region
around the peak is dominated by delta-mediated pion
production, the higher mass resonances are seen to con-
tribute up to around 1 GeV, and the Regge approach
mainly affects the high momentum tail. The cross section
does not heavily depend on cos θpi as shown in Fig. 1(c).
The exact shape at forward scattering angles is obscured
by large experimental errorbars. The dominance of the
delta resonance in charged pion production is clear from
comparison with the calculation where only the delta and
ChPT terms are taken into account, omitting higher mass
resonances. This is labeled as “Delta+BG” in Fig. 1, and
is computed without medium modification of the delta
width. The other resonances have isospin 1/2; therefore,
they can only contribute in the u-channel to pi+ produc-
tion on the proton. Indeed, the p(I3 = 1/2)+pi
+(I3 = 1)
final state can only couple to I3 = +3/2, allowing no
I = 1/2 resonances in the direct channel. For a full list
of isospin coefficients for the different reaction channels
in the hybrid-RPWIA model see for instance table I in
Ref. [23]. The influence of the isospin 1/2 resonances is
thus mainly important for interactions with the neutron,
where they contribute in the s-channel. In Fig. 1, we see
that the higher mass resonances, contribute up to 20%
of the cross section for Ppi between 0.5 GeV and 1 GeV.
Because of the importance of the delta resonance, the
medium modification of its decay width leads to a sig-
nificant suppression of the cross section. The width of
the delta resonance is modified by the complex part of
the delta self-energy in the nuclear medium. We compute
this effect within the Oset and Salcedo medium modifica-
tion (OSMM) formalism [20, 22, 37]. The hybrid-RPWIA
model with medium modification of the delta is plotted
with the solid red line in Fig. 1. The uncertainties and
inconsistencies pertaining to the use of this procedure for
the medium modification of the delta in the framework
of our model were discussed in [30]. In particular the
∆N → piN process is included in the modification of
the width, a process that contributes to the experimen-
tal signal. The contribution of this channel has previ-
ously been modeled by multiplying the delta amplitude
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FIG. 1. Single differential cross sections for the T2K CC1pi+ data sample [4]. We show the hybrid-RPWIA prediction with
and without OSMM of the delta width (dashed and solid red lines respectively), compared to the low energy model (LEM),
which consists of the resonant and ChPT background diagrams extended to arbitrarily large values of invariant mass W . The
LEM with cutoff form factors for the resonances is depicted with the blue dash-dotted line. To show the influence of higher
mass resonances the hybrid model calculation including only the background and delta resonance is also shown (Delta+BG),
it is computed without medium modification of the delta width.
by a weighting factor, which is then added incoherently
to the cross section [22, 30]. We do not include this re-
action here, hence we consider the results with (without)
OSMM of the delta as a lower (upper) limit, so that
the hybrid-RPWIA model is illustrated by the red band.
In principle, the decay width of the other resonances is
also modified in the nuclear medium. Including this ef-
fect is in the best of cases not free of ambiguities, be-
cause the other resonances are not as well known as the
delta. Anyhow, their contribution to the overall cross
section is small, and approximately limited to the region
0.5 GeV < Ppi < 1 GeV. Therefore, the medium modi-
fication of the higher lying resonances is not taken into
account, and can be considered as a (relatively) small
uncertainty in our predictions.
It is interesting to compare the T2K-flux [38] with
the neutrino fluxes in MiniBooNE and MINERvA,
and confront the datasets in their comparison to the
hybrid-RPWIA model predictions. The T2K flux has
a peak for neutrino energies around 600 MeV, compa-
rable to the energy regime spanned by MiniBooNE [39].
However, the T2K-flux has a more significant high-energy
tail. This, along with the restrictions on lepton and pion
kinematics in T2K, leads to the T2K data having a larger
contribution from high energy neutrinos than the Mini-
BooNE data [1]. The MINERvA experiment spans a far
larger energy range, the flux peaks around 3 GeV, and ex-
tends to about 20 GeV [40]. Contrary to the MINERvA
samples [5, 6], there is no restriction on (reconstructed)
quantities such as W in the T2K data. The influence of
higher W regions on the T2K dataset is demonstrated
by comparing the results of the hybrid-RPWIA model to
those of the LEM. The cross section in the LEM for T2K
kinematics is illustrated with the dash-dotted blue line in
Fig. 1. The LEM with inclusion of Gaussian-dipole form
factors for the resonances is also shown, labeled as “LEM
w/ FF”. Both results are computed without OSMM. In
our previous work [30], we found that for both the Mini-
4BooNE and MINERvA CC1pi+ data, the hybrid-RPWIA
and LEM (with or without form factors) did not differ
significantly. As mentioned, in the MINERvA data a cut
is made restricting the phase space to W < 1.4 GeV,
thereby ensuring that the dominant reaction mechanism
is delta-mediated pion production. Due to the smooth
transition between the LEM and the Regge approach, the
hybrid-RPWIA model is identical to the LEM with form
factors for W . 1.5 GeV. For the kinematics presented
here however, we see important deviations between the
different curves in Fig. 1, showing that regions of higher
W contribute significantly to the T2K signal. The cut-
off form factors to regularize the resonant diagrams cure
some of the pathological behavior, but a significant dif-
ference between the LEM with form factors and hybrid-
RPWIA model still exists for Ppi > 0.5 GeV.
In Figs. 1(b) and 1(c), we see that the hybrid-RPWIA
approach predicts a noteable smaller cross section over
the whole kinematic range compared to the LEM. When
comparing the models in terms of cos θµ in Fig. 1(d),
we see that the main differences are found at forward
scattering angles, consistent with regions of high Ppi .
B. NuWro and Final State Interactions
The hybrid-RPWIA model compares favorably to the
T2K CC1pi+ data sample. The total cross section re-
ported by T2K is σtot = 4.25± 0.48(stat)± 1.56(syst)×
10−40cm2/nucleon [4], compatible with σtot = 4.82 ×
10−40cm2/nucleon obtained with the hybrid-RPWIA
model. This result is the average of the predictions with
and without OSMM, the uncertainty (as illustrated by
the red band in Fig. 2) due to medium modification of the
delta width is around 9 %. However, these results do not
include any FSI, which are expected to reduce the cross
section due to absorption and charge-exchange of the pro-
duced pion. Indeed, the NuWro Monte Carlo generator
predicts a total cross section of 6.97× 10−40cm2/nucleon
before FSI, and 5.44×10−40cm2/nucleon after taking into
account FSI. In this section we judge the impact of FSI
on the single differential cross sections in terms of muon
and pion kinematics by comparing our results to NuWro
calculations. One should however be careful in estimat-
ing the effect of FSI by directly comparing both models
because there are significant differences between them.
We use NuWro version 17.09, with default values for
all of the parameters [41]. The elementary SPP mech-
anism in NuWro, i.e. before FSI, consists of the delta
resonance treated in the Adler-Rarita Schwinger model
[42], parametrized by dipole form factors fitted to SPP
data [43]. A phenomenological non-resonant background
is obtained from DIS, it is added incoherently to the res-
onant cross section [44]. For W > 1.6 GeV a model
based on DIS [44, 45] and Pythia hadronization routines
is used [46]. A smooth transition from the resonance
region to DIS is implemented for W between 1.4 and
1.6 GeV [47].
In NuWro events originating from quasi-elastic scatter-
ing (QE), meson-exchange currents (MEC), and coherent
scattering are generated, in addition to the elementary
SPP process. The final state particles from these inter-
actions, excluding those from coherent pion production,
are propagated through the nuclear medium where they
can undergo secondary interactions [35].
We compare the hybrid-RPWIA model to three results
corresponding to different selection cuts in the NuWro
simulation. First, we present the result where only a
pi+ and a single nucleon are found in the hadronic final
state, before taking into account FSI. This result, labeled
as “NuWro w/o FSI 1pi1N” and depicted with the dash-
dotted blue lines in Fig. 2, corresponds to the elementary
SPP cross section described above, which should be com-
parable to the hybrid-RPWIA model. The second result
is labeled as “NuWro w/o FSI” and corresponds to the
full calculation before FSI, where the hadronic final state
is defined as a single pi+ and any number of nucleons
(dashed blue lines in Fig. 2). In practice, the main dif-
ference between the “NuWro w/o FSI”, and the “NuWro
w/o FSI 1pi1N” cross sections stems from the contribu-
tion of coherent scattering, which makes up around three
percent of the former, and does not contribute to the lat-
ter. We show the contribution of coherent scattering in
NuWro separately, it is depicted with the dotted line and
labeled as “NuWro COH”. Finally, the cross sections cor-
responding to the experimental signal after FSI are also
shown. The contributions of QE and MEC to the cross
section are negligible, and the most important effect of
FSI is a decrease of the cross section. This final NuWro
results corresponds to the solid blue line in Figs. 2 and
3.
The influence of FSI on the Ppi distribution mainly con-
sists of a strong reduction of the amount of pions with
low momenta [20, 22, 30], this is shown in Fig. 2(a). The
NuWro 1pi1N cross section is basically the same as the
full cross section without FSI, the latter is slightly larger
mainly due to the inclusion of coherent scattering. In
any case, the NuWro 1pi1N cross-section is larger than
the hybrid-RPWIA over the whole kinematic range. This
is consistent with our comparison to NuWro 1pi+ calcula-
tions at MiniBooNE and MINERvA kinematics [30]. The
difference could be attributed to the form factors used to
describe the couplings. It was shown in Ref. [23], where
both models are compared to SPP neutrino-deuterium
data [48], that NuWro systematically obtains a larger to-
tal cross section.
The hybrid-RPWIA model tends to overestimate the
number of pions at the lowest momenta, leaving room for
FSI. However, a reduction of the low momentum peaks,
as estimated by comparing to NuWro, would lead to the
hybrid-RPWIA underpredicting the lowest momentum
bins for both the Ppi, and Pµ cross sections shown in
Figs. 2(a) and 3(a). This is also found in the GiBUU
prediction of Ref. [49], where it is argued that coherent
pion production could provide additional strength in this
region.
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FIG. 2. Single differential cross sections in terms of pion momentum (a) and scattering angle (b) compared to the CC1pi+
data reported by the T2K experiment [4]. The hybrid-RPWIA model is shown with a red band, where the lower and upper
limits correspond to calculations with and without medium modification of the delta width respectively. The NuWro cross
section corresponding to the 1pi1N final state, and the full NuWro calculation before and after FSI, both corresponding to the
definition of the CC1pi+ signal, are shown. We also show separately the contribution of coherent scattering in NuWro.
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FIG. 3. Single differential cross sections in terms of Pµ (a), and cos θµ (b), compared to T2K CC1pi
+ data [4]. The labels are
the same as in Fig. 2.
In the comparison of the hybrid-RPWIA model with
MiniBooNE and MINERvA 1pi+ data, pion momenta up
to approximately 500 MeV were studied [30]. Here, we
see that the cross section in the high-Ppi region in NuWro,
which is dominated by DIS, is larger than the Regge de-
scription in the hybrid-RPWIA model. The small cross
section in the higher Ppi regions, relative to the data,
may point to a lack of higher mass resonances [50], or
of high energy mechanisms that may contribute to the
signal after FSI. The problem is tied to the description
of the transition region. Adding additional higher mass
resonances would require unitarization of the amplitude
in the LEM, thereby extending the validity of the LEM
such that the transition region can be moved to larger
values of W .
We show the comparison with the cos θpi distribution in
Fig. 2(b). The cross section in the hybrid-RPWIA model
does not show the sharp rise at forward scattering angles
present in the NuWro calculations. It is in this kinematic
region that contributions from coherent scattering and
DIS are most important. The effect of FSI is a constant
reduction over the whole range of cos θpi, except for the
most forward angles where the reduction is not as strong
as for the rest of the angular range. This can be partly
attributed to the fact that the coherent scattering events
are not subject to FSI through the cascade in NuWro.
In Fig. 3 the comparison with the data in terms of
muon kinematics is shown. Again, a difference in the
overall strength in the cross section compared to NuWro
is evident. The high-Pµ tail is described well by the
hybrid-RPWIA model, as is the low momentum peak.
As mentioned, one could expect a slight underestimation
6of the low-Pµ peak if FSI, as predicted by NuWro, would
be included. The same holds for the forward scattering
cross section, in agreement with Ref. [49]. The region
cos θµ < 0.9 would however be in agreement with the
data even after a reduction of the cross section due to
FSI as estimated from the NuWro result.
III. CONCLUSIONS
We compared the hybrid-RPWIA to the low energy
model (LEM) and the T2K CC1pi+ data. It is shown
that a high energy model is necessary at T2K kinematics.
The contributions from the high energy tail of the flux are
significant, and using the LEM leads to a sizeable over-
estimation of the cross section. Introducing Gaussian-
dipole form factors to regularize the resonant amplitudes
cures some of the pathological behavior due to the res-
onant amplitudes far away from s(u) ≈ M2
res
. Still, the
LEM with form factors overestimates the cross section
for high pion momenta when compared to the hybrid-
RPWIA model. This was not the case for the predic-
tions at MiniBooNE and MINERvA CC1pi+ kinematics
presented in Ref. [30], due to the cut onW in MINERvA,
and the smaller high energy contributions in MiniBooNE.
The shape of the single differential cross sections ob-
tained within the hybrid-RPWIA model presented here
are similar to the NuWro results, with the main excep-
tion being the forward pion scattering region. It is in
this region that the coherent and DIS contributions in
NuWro predict a sharp rise. When considering the size,
we see that the hybrid-RPWIAmodel systematically pre-
dicts a lower cross section than the NuWro Monte Carlo
generator. These results are consistent with the previous
comparisons shown in Refs. [23, 30].
The general comparison of the hybrid-RPWIA model
to data is favorable, the model reproduces the shape and
strength of the data well, meanwhile leaving room for FSI
at low pion and lepton momenta. This is true for both
the MINERvA, and T2K CC1pi+ data, but not for Mini-
BooNE, where the model clearly underpredicts the data
[30]. There seems to be no obvious reason explaining
why the hybrid-RPWIA model underestimates the Mini-
BooNE data for low values of Tpi (see Fig. 5 in Ref. [30]),
while overpredicting T2K data in the same kinematic re-
gion, Fig. 2(a). Moreover, the NuWro predictions re-
produce the MINERvA and T2K pi+ data nicely, while
underestimating MiniBooNE.
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